The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/Objective-Endothelial cell (EC) inflammatory status is critical to many vascular diseases. Emerging data demonstrate that mutations of Krüppel-like factor-11 (KLF11), a gene coding maturity-onset diabetes mellitus of the young type 7 (MODY7), contribute to the development of neonatal diabetes mellitus. However, the function of KLF11 in the cardiovascular system still remains to be uncovered. In this study, we aimed to investigate the role of KLF11 in vascular endothelial inflammation. Methods and Results-KLF11 is highly expressed in vascular ECs and induced by proinflammatory stimuli. Adenovirusmediated KLF11 overexpression inhibits expression of tumor necrosis factors-α-induced adhesion molecules. Moreover, small interfering RNA-mediated KLF11 knockdown augments the proinflammatory status in ECs. KLF11 inhibits promoter activity of adhesion molecules induced by tumor necrosis factor-α and nuclear factor-κB p65 overexpression. Mechanistically, KLF11 potently inhibits nuclear factor-κB signaling pathway via physical interaction with p65. Furthermore, KLF11 knockdown results in increased binding of p65 to vascular cell adhesion molecule-1 and E-selectin promoters. At the whole organism level, KLF11 −/− mice exhibit a significant increase in leukocyte recruitment to ECs after lipopolysaccharide administration. Conclusion-Taken together, our data demonstrate for the first time that KLF11 is a suppressor of EC inflammatory activation, suggesting that KLF11 constitutes a novel potential molecular target for inhibition of vascular inflammatory diseases. (Arterioscler Thromb Vasc Biol. 2012;32:2981-2988.)
E ndothelial cells (ECs) are critical to maintain vascular wall structure and function, but sustained inflammatory status of ECs leads to the onset of many inflammatory vascular diseases such as atherosclerosis and thrombosis. Proinflammatory factors, such as tumor necrosis factor (TNF)-α, interleukin-1β, and oxidized low-density lipoprotein 1-3 trigger endothelial activation, which is characterized by abrupt increase in adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin. Robust increase in these adhesion molecules and the ensuing recruitment of leukocytes to ECs represent a hallmark of the early stage of atherosclerosis. 4 Krüppel-like factors (KLFs), Sp1-like zinc finger transcription factors, are highly conserved in organisms ranging from flies to human and are characterized by the presence of a DNA-binding domain with 3 highly conserved zinc finger motifs as well as a variant carboxyl-terminal end. 5 The KLFs are involved in the regulation of cell growth and differentiation in several tissues including those from the cardiovascular system. In particular, KLF2, KLF4, KLF5, and KLF6 have been implicated in developmental as well as pathological vascular processes. 6 KLF11, one of the best-studied members of KLF family, is highly expressed in the pancreas and muscle. 7 Upon induction, KLF11 binds to Sp1-like DNA sequences on target promoters to which, in turn, it recruits distinct chromatin remodeling and epigenetic factors, including histone acetyl transferases, histone deacetylases, histone methyltransferases. [7] [8] [9] For instance, mutation at the −331 site of the insulin gene promoter, which is causal of neonatal diabetes mellitus, disrupts the ability of KLF11 to bind and transcriptionally activate insulin biosynthesis. 10 In addition, the KLF11-p300 pathway transregulates pancreatic-duodenal homeobox-1 gene (Pdx-1), a gene causing maturity-onset diabetes mellitus of the young (MODY IV), by binding to consensus binding sites within its promoter. 11 Furthermore, alterations in the coupling of KLF11 to histone deacetylases resulting from variations in the sequence of the KLF11 promoter and protein have been found in selected human populations affected by type 2 diabetes mellitus. [12] [13] [14] [15] Noteworthy, despite its strong association with diabetes mellitus, the role of KLF11 in inflammatory responses that affect the cardiovascular system remains to be addressed. Consequently, the current study sought to define whether KLF11 influences the EC response to proinflammatory stimuli. We identified that KLF11 functions as a novel transcription factor in vascular ECs that potently inhibit proinflammatory adhesion molecules, which are crucial for the initiation and maintenance of vascular inflammation, a hallmark in many human diseases including atherosclerosis and diabetes mellitus. KLF11 interacts with nuclear factor (NF)-κB p65 to attenuate the effect of TNF-α on VCAM-1 and E-selectin expression. Analysis in vivo using genetically engineered KLF11 −/− mice revealed an inhibitory role of KLF11 in leukocyte recruitment to ECs after lipopolysaccharide (LPS) administration. Thus, this study describes for the first time the role of KLF11 in modulating vascular inflammation and characterizes new molecular mechanisms underlying this function.
Materials and Methods
A detailed description is provided in the in the online-only Data Supplement.
siRNA-Mediated Gene Knockdown
Human umbilical vein ECs (HUVECs) were transfected with small interfering RNA (siRNA)-KLF11, siRNA-KLF2, or siRNA-KLF4 (Ambion Inc.) at ≈50% to 60% confluence using Lipofectamine RNAiMAX Reagent (Invitrogen). 16 
Statistical Analysis
Statistical analysis between 2 groups was performed by 2-tailed unpaired Student t test and among 3 groups or more was performed by 1-way ANOVA followed by Newman-Keuls test. A P<0.05 was considered statistically significant. Data are presented as mean±SEM.
Results

KLF11 Is an Inducible Transcription Factor in Response to Proinflammatory Stimuli in ECs
To assess expression of KLF11 in the vascular system, we first performed immunostaining on mouse aortas. The result of this analysis, as shown in Figure 1A , reveals that KLF11 is expressed in the normal artery with a particular enrichment in vascular ECs. The levels of KLF11 in HUVECs were comparable with those for KLF2 and KLF4, which are wellcharacterized regulators of vascular ECs function ( Figure I in the online-only Data Supplement). 5, 17 This information led us to subsequently assess whether the expression of KLF11 is changed by proinflammatory stimuli in vascular ECs. Indeed, TNF-α upregulates the expression of KLF11 in a dose-dependent manner in HUVECs. TNF-α could significantly upregulate KLF11 mRNA at a dosage of 2 ng/mL, and TNF-α (10 ng/mL) increases KLF11 expression up to 6.05±0.77-fold (versus control, P<0.01, Figure 1B ). Time course experiments show that the effect of TNF-α on KLF11 mRNA is maintained for <48 hours of exposure ( Figure 1C ). In agreement with these results, the KLF11 protein level is increased by 4.5±0.61-fold in the TNF-α (10 ng/mL) -stimulated HUVECs ( Figure 1D ). Moreover, in addition to TNF-α, other proinflammatory stimuli, such as LPS (10 ng/mL), can activate KLF11 expression in HUVECs by 2.14±0.25-fold ( Figure 1D ). Together, these experiments demonstrate that KLF11 is expressed in vascular ECs and is stimulated in response to well-characterized proinflammatory stimuli, suggesting that KLF11 may modulate the inflammatory response in ECs.
Overexpression of KLF11 Inhibits Endothelial Activation
An important surrogate for EC activation by inflammatory chemokines is the expression of proinflammatory adhesion molecules. Thus, we analyzed the effect of KLF11 on the expression of adhesion molecules using HUVECs treated with TNF-α. Our data suggest that adenovirus-mediated overexpression of KLF11 dose-dependently inhibits the TNF-α-induced expression of adhesion molecules VCAM-1, E-selectin, and ICAM-1. KLF11 significantly inhibits EC inflammation at an expression level as low as ≈2.5-fold (5 multiplicity of infection) compared with basal level ( Figure  II Figure IIIC in the online-only Data Supplement). Altogether, our data indicate that KLF11 behaves as an inhibitor of EC activation in response to a variety of the best characterized proinflammatory stimuli. KLF2 and KLF4 are well known to inhibit inflammation in ECs. 19, 20 We sought to determine whether KLF11 inhibits proinflammatory adhesion molecules in a KLF2-or KLF4-dependent manner. First, we performed siRNA-mediated downregulation of KLF2 and KLF4 ( Figure  IV in the online-only Data Supplement) in combination with KLF11 overexpression. The expression of VCAM-1 is significantly upregulated by knockdown of KLF2 (1.9±0.24fold) or KLF4 (1.82±0.04-fold), consistent with previous reports. 20, 21 However, KLF11 overexpression results in an inhibitory effect on VCAM-1 expression in the absence of either KLF2 or KLF4 that is not significantly different from that in control ECs ( Figure 
KLF11 Knockdown Exacerbates the Inflammatory Response in ECs
To further characterize the effect of KLF11 on EC inflammation, we also applied siRNA technology to knock down the expression of KLF11. The specific siRNA against KLF11 results in ≈80% knockdown in the expression of KLF11 at both mRNA and protein levels ( Figure Figure 3C and 3D). These results suggest the possibility that endogenous KLF11 is required to prevent excessive upregulation of adhesion molecules, a hallmark of EC activation, in response to the proinflammatory stimuli.
Increase in KLF11 Inhibits the TNF-α-Induced Promoter Activity of Adhesion Molecules
To further investigate the effect of KLF11 on the transcriptional regulation of adhesion molecules by inflammatory chemokines, we used adenoviral-mediated delivery of KLF11 in ECs to modulate the response of the VCAM-1, E-selectin, and ICAM-1 reporter constructs to TNF-α. Although TNF-α induces the activity of these reporters in bovine aortic ECs, KLF11 acts as a robust inhibitor of this response ( Figure  4A ). These results suggest that KLF11 negatively regulates VCAM-1, E-selectin, and ICAM-1, at least in part, at the transcription level. Interestingly, the ability of TNF-α to stimulate these promoters is known to proceed mainly via the p65 subunit of NF-κB. In experiments depicted in Figure  4B , we demonstrate that NF-κB p65 indeed activates VCAM-1, E-selectin, and ICAM-1 promoters whereas KLF11 antagonizes this effect. KLFs regulate gene expression by concomitantly binding to DNA and deploying its genesilencing effect through 3 well-characterized transcriptional repression domains (R1, R2, and R3). 22, 23 We defined their relative contribution to the repression of the reporters by co transfection of constructs encoding each of these domains with the VCAM-1 reporter in AD-293 cells. Our results show that whereas KLF11 R3-zinc finger (ZNF) (R3) inhibits p65induced VCAM-1 promoter activity as effectively as fulllength KLF11, neither the R1-ZNF (R1) nor the R2-ZNF (R2) is sufficient to achieve this suppressive function ( Figure 4C ). Overall, this analysis reveals the ability of KLF11 to suppress the transcriptional activation of the VCAM-1 promoter in ECs via the p65 NF-κB subunit, thereby extending the mechanistic understanding of this phenomenon.
Increase in KLF11 Suppresses NF-κB Signaling Pathway via Interaction With p65
The results described earlier support a key role of KLF11 in the regulation of NF-κB signaling pathway in EC. Consequently, these data stimulated us to further investigate whether transcriptional regulation of adhesion molecule genes by KLF11 in response to TNF-α is limited to its repressive effect on the p65. It has been long known that proinflammatory cytokines such as TNF-α induce IκBα phosphorylation and its ensuing degradation, allowing NF-κB p65/p50 translocation into the nucleus to activate the expression of adhesion molecules and proinflammatory cytokines. 24 Our results shown in Figure 5A reveal that KLF11 inhibits the binding of NF-κB to consensus NF-κB-binding sites assayed by reporter-gene activation. More remarkably, Figure 5B and 5C ), suggesting that the association of these 2 transcriptional regulators in a complex contributes to the inhibition of NF-κB activity. To gain a better mechanistic understanding of this phenomenon, we next dissected which of the transcriptional regulatory domains of KLF11 binds to p65. Using co immunoprecipitation assays, we demonstrate that R3-ZNF readily binds to p65 ( Figure  5D ). Moreover, the siRNA-mediated knockdown of KLF11 augments the binding of p65 to a distinct NF-κB-binding site located at −57 to −71 bps from the transcription initiation site within the VCAM-1 promoter. A similar result was observed on the NF-κB-binding site located at −82 to −96 bps within E-selectin promoter ( Figure 5E ). Thus, these results reveal for the first time an interaction between KLF11 and p65 mediating the inhibition of the inflammatory response in ECs.
KLF11 Functions as an Inhibitor of Leukocytes-EC Adhesion In Vitro and In Vivo
To further examine the biological impact of the KLF11mediated inhibition of the inflammatory response in ECs, we performed leukocyte-EC adhesion assays in vitro and in vivo. 25 The siRNA-mediated KLF11 knockdown significantly increases the TNF-α-induced leukocyte (green fluorescent protein-labeled human acute monocytic leukemia cell line cells) adhesion to ECs by 1.77±0.13-fold (P<0.05) in vitro ( Figure  6A and 6B ). In addition, we determined the effect of KLF11 deficiency on rolling and adhesion of leukocytes on ECs in vivo using a genetically engineered KLF11 −/− mouse model. [26] [27] [28] The lack of expression of KLF11 in aortas from KLF11 −/− mice in comparison with littermates was determined by Western blot analyses ( Figure VIII in the online-only Data Supplement) and, additionally, it was determined that KLF11 knockout had no effect on the expression of KLF2 and KLF4 in these animals ( Figure VC in the online-only Data Supplement). We demonstrate that administration of LPS (30 μg/kg) by tail vein injection to the KLF11 −/− mice increases leukocyte rolling and adhesion of leukocytes on ECs by 1.7±0.1-fold and 2.04±0.15fold (P<0.01), respectively ( Figure 6C-6E ). In addition, experiments depicted in Figure 6F reveal that the expression of VCAM-1 and E-selectin is significantly increased in aortas from KLF11 −/− mice administered LPS. Collectively, our data identify an important homeostatic inhibitory role of KLF11 in mediating the recruitment of leukocytes to ECs in vivo by modulating the expression of adhesion molecules in the endothelium.
Discussion
Cardiovascular disease is the leading cause of illness and death in the United States and the major cause of mortality and disability in patients with diabetes mellitus. 29, 30 It has been documented that KLF11 is a diabetes mellitus-relevant gene. 11, [31] [32] [33] Indeed, recent research reveals that alterations in the KLF11 pathway effect the development of neonatal and juvenile diabetes mellitus. 10 Here, the observation that KLF11 is highly expressed in ECs and that its expression could be induced by TNF-α prompted us to address the relationship between KLF11 and EC activation.
The recruitment of leukocytes to ECs, an early stage of inflammatory diseases, such as atherosclerosis, is mediated by the endothelial expression of adhesion molecules, such as ICAM-1, VCAM-1, and E-selectin. 4 Through in vitro gainand loss-of-function approaches, we demonstrate that KLF11 overexpression potently inhibits TNF-α-induced expression of adhesion molecules in ECs, whereas in response to inflammatory stimuli, human acute monocytic leukemia cell line cells show increased adhesion to si-KLF11-treated HUVECs concomitant with increased levels in VCAM-1 and E-selectin in those cells. Furthermore, a more fundamental contribution to our understanding KLF11 function in the present study is provided by the finding that KLF11 deficiency in vivo exacerbates the rolling and adhesion of leukocytes on ECs in an LPS-induced animal model of endothelial dysfunction. The conventional KLF11 −/− mice used here also lack KLF11 in the leukocytes. Our observation of increased adhesion of human acute monocytic leukemia cell line (wild type for endogenous KLF11) to si-KLF11-treated Figure 5 . Krüppel-like factor (KLF) 11 potently inhibits nuclear factor (NF)-κB activity. A, Bovine aortic endothelial cells (BAECs) were transfected with NF-κB-Luc for 8 hours and then infected with adenovirus-LacZ (Ad-LacZ) or adenovirus-KLF11 (Ad-KLF11) for 24 hours. Promoter activity was detected after tumor necrosis factor (TNF)-α (2 ng/mL) stimulation for 16 hours by dual-luciferase assay and normalized against Renilla activity. B and C, Co immunoprecipitation (IP) assays were performed to determine the interaction between endogenous KLF11 and p65 with an antibody against KLF11 (B) or p65 (C) in human umbilical vein endothelial cells (HUVECs), respectively. D, AD-293 cells were co transfected with p65 and the His-tagged KLF11 fragments for 24 hours, and then Co-IP assays were performed with an antibody against p65 and Western blot was performed with anti-His antibody. E, HUVECs were transfected with small interfering RNA (siRNA)-control or siRNA-KLF11 (40 nmol/L) for 72 hours and then stimulated with TNF-α (2 ng/mL) for 1 hour. Chromatin immunoprecipitation assays were performed using an antibody against p65 and normal rabbit IgG. The binding of p65 to the vascular cell adhesion molecule-1 (VCAM-1) and E-selectin promoters was determined with quantitative polymerase chain reaction. Data shown are from 3 independent experiments and presented as mean±SEM. *P<0.05; **P<0.01. HUVECs in vitro argues that this effect is mostly driven by the exacerbated activation of the endothelium in the KLF11 −/− mice resulting in enhanced expression of adhesion molecules. Taken together, our study provides evidence that KLF11 has a potent anti-inflammatory effect on vascular ECs and is critical for modulation of leukocytes-EC interaction.
KLF11, a nuclear-located transcription factor, regulates target genes through binding to a consensus sequence present in their promoters. 5 We investigated the transcriptional mechanism underlying the anti-inflammatory effect of KLF11. We found that although KLF11 does not significantly regulate the proinflammatory adhesion molecules and cytokines under basal conditions, its effects are evident in response to TNFα and other stimuli. NF-κB plays a critical mediator role in response to most inflammatory stimuli in various cell lines and in ECs in particular. 34, 35 In the present study, we demonstrate that KLF11 inhibits NF-κB signaling via a physical interaction with NF-κB p65. Chromatin immunoprecipitation assay data further showed that depletion of KLF11 by RNA interference exacerbates the binding of p65 to the VCAM-1 and E-selectin promoters in ECs, thereby confirming that KLF11 regulation of adhesion molecules at the level of transcription involves negative regulation of the NF-κB proinflammatory response. The repressor domains R1, R2, R3, and the zinc fingers of KLF11 bind independently to multiple chromatin remodelers to fulfill its functions. 22, 23, 33, 36 Noteworthy, studies looking at genetic variations in the KLF11 gene in distinct human populations revealed a variant (Ala347Ser) within R3 domain that segregates with diabetes mellitus in families with early-onset type 2 diabetes mellitus. 31 Here, we demonstrate that KLF11 R3-ZNF could inhibit the p65-induced transcription of the VCAM-1 promoter ( Figure 4C ) and the R3-ZNF physically binds to p65 ( Figure 5D ). In fact, our data suggest that this specific repression domain of KLF11 is sufficient to regulate proinflammatory adhesion molecules expression in response to TNF-α in EC and demonstrate that NF-κB, a good example of regulatory pathways of EC inflammation, is at least one of the most important signaling molecules mediating this effect. In fact, many inflammatory mediators, such as activator protein-1, NF of activated T-cells, and Ets1, 37, 38 are involved in the transduction of extracellular proinflammatory stimuli to intracellular signaling pathways. On the basis of the data from the present study, we cannot completely rule out that KLF11 might inhibit EC inflammation via multiple signaling pathways under conditions of proinflammatory stimulation. Nevertheless, the data here reported provide biochemical and cell biological evidence demonstrating that KLF11 is upregulated in response to inflammatory stimuli and inhibits EC inflammation via inhibition of p65. KLF11 possibly acts in a negative-feedback manner to ensure the optimal p65 activation levels thus maintaining the pro-and anti-inflammatory homeostatic balance, which is required for proper physiological inflammatory responses.
It has been documented that KLFs 2, 4, and 6 are expressed in ECs and have important roles in EC biology. KLF6 is induced after vascular injury and stimulates endogenous endoglin expression in vascular repair. 39 KLF2 and KLF4 can be induced by laminar shear stress in ECs. 40, 41 However, KLF2 is downregulated whereas KLF4 is increased in TNF-α-stimulated ECs. 20 Both KLF2 and KLF4 suppress TNFα-induced EC activation evidenced by decreased expression of proinflammatory adhesion molecules. 19, 20, 42 Our data indicate that the anti-inflammatory effects of KLF11 on EC cannot be explained by KLF11 interfering with KLF2 or KLF4 because we found that changes in KLF11 expression do not translate to changes in the expression of KLF2 or KLF4 either in vitro or in vivo, and KLF11 inhibitory effect on the expression of EC adhesion molecules is not affected by KLF2 or KLF4 knockdown in ECs. The synergistic effects observed between KLF11 and KLF2 or KLF4 on the VCAM-1 and E-selectin expression may be a result of a concomitant inhibition of the NF-κB transcriptional activity resulting from sequestration of its co-transcriptional activator CREB1-binding protein/p300 43 or the concurrent inhibition of NF-κB pathway by KLF11, possibilities that remain to be addressed. More interestingly, we demonstrate that KLF11 may have broader negative effects on adhesion molecules, as KLF11 potently inhibits ICAM-1 expression whereas KLF2 does not. 19 A number of studies have demonstrated that the ICAM-1 promoter contains transcription factor-binding sites such as NF-κB, activator protein-1, v-ets erythroblastosis virus E26 oncogene homolog 1 (avian), Specificity protein 1 transcription factor, signal transducer and activator of transcription, and protein kinase-zeta. 44, 45 KLF2 may activate some of these transcription factors, thus resulting in a distinct, overall noninhibitory effect for KLF2 overexpression on the ICAM-1 promoter.
In summary, here we demonstrate for the first time an important homeostatic role of KLF11 as an anti-inflammatory factor controlling leukocytes recruitment via modulation of physiological responses in the expression of proinflammatory adhesion molecules in ECs. This knowledge extends the current understanding of how KLF11 regulate key cellular functions in the vascular system, thereby helping to further underscore the important role of this transcription pathway in maintaining EC homeostasis. KLF11 is thus a potential molecular target for treatment of EC inflammation-associated cardiovascular diseases such as atherosclerosis and diabetic vascular pathologies.
